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Abstract:  we have investigated the influence of multimode fiber core 
(MMFC) diameters and lengths on the sensitivity of an SMS fiber based 
refractometer. We show that the MMFC diameter has significant influence 
on the refractive index (RI) sensitivity but the length does not. A 
refractometer with a lower MMFC diameter has a higher sensitivity. 
Experimental investigations achieved a maximum sensitivity of 1815 nm/ 
RIU (refractive index unit) for a refractive index range from 1.342 to 1.437 
for a refractometer with a core diameter of 80 µm.  The experimental results 
fit well with the numerical simulation results. 
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1. Introduction  
Optical fiber based RI sensors have been studied extensively due to the advantages they offer, 
such as small size, immunity to electromagnetic interference, the potential for remote 
operation, high sensitivity, etc [1-9]. There are a number of ways to implement RI sensing, for 
example using a fiber Bragg grating (FBG) [1-3], long period grating [4], macro-bend 
singlemode fiber (SMF) [5], surface plasmon resonance [6], a Fabry-Perot interferometer [7], 
a multi-D-shaped optical fiber [8] or a singlemode-multimode-singlemode (SMS) fiber 
structure [9]. An SMS fiber structure based optical sensor has the additional advantages of 
low cost and ease of fabrication. The underlying operating principle of sensors based on SMS 
fiber structures is multimode interference excited between modes in the multimode fiber 
(MMF) section, which can be influenced by external perturbation [10-12]. Thus SMS fiber 
structures can be used as sensors for measurands such as temperature and strain [13-17]. 
Recently Antonio-Lopez etc proposed to use an SMS fiber structure to realize a stable 
optofluidically tunable fiber laser with wide tunable wavelength range of 40 nm [18]. Our 
previous investigations show that a specially designed SMS fiber structure can act as a RI 
sensor that has an estimated maximum resolution of 3.3×10-5 in the range of refractive indices 
from 1.38 to 1.45 based on an analysis using a wide-angle beam propagation method (BPM) 
[9]. This shows that a SMS fiber structure based refractometer is a promising technology and 
that it is worthwhile undertaking further investigations with the aim of optimising for the first 
time the key physical parameters of an SMS structure used as a refractometer in order to 
maximise sensitivity. In this paper a measurement technique based on wavelength monitoring 
is proposed for an SMS fiber structure based refractometer and a detailed analysis of such a 
refractometer is undertaken, taking into account the influence of two factors: multimode 
section fiber core diameter and length using a mode propagation analysis (MPA) method. 
Experimental verification is also carried out demonstrating a maximum measured sensitivity 
of 1815 nm/RIU. 
2. Theoretical background 
The configuration of an SMS fiber structure based refractometer is shown in figure 1.  
 
 
Fig. 1 Configuration of the SMS structure refractometer 
In order to remove the fiber cladding and expose the multimode fiber core (MMFC) 
chemical etching with various chemical compounds can be used, such as Hydrofluoric acid, to 
controllably remove the cladding. In Fig. 1 it is clear that the surrounding liquid with an 
unknown RI is acting as the cladding layer to the MMFC. The light injected from the single 
Single mode fiber Single mode fiber 
Multimode fiber core 
Surrounding liquid 
mode fiber (SMF) into the MMFC will excite multiple high-order modes in the MMFC. 
Interference between these multiple modes within the MMFC occurs and dictates the output 
spectral response of the SMS fiber structure, which is thus affected by the surrounding liquid 
RI. Assuming that the SMF and MMFC are ideally aligned, due to the circular symmetry of 
the input field, only LP0m modes will be excited in the MMFC when light travels from SMF 
to MMFC. If the input light in the SMF has a fundamental mode field distribution E(r,0), then 
the input field can be decomposed into the eigenmodes LP0m in the MMFC when the light 
enters the MMFC section [10-12].  
Defining the field profile of LP0m as ψm(r), the input field at the MMFC can be written as: 
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where ψm(r) are the eigenmodes of the MMF determined by the fiber core diameters, fiber 
core and cladding refractive indices and where bm is the excitation coefficient of each mode, 
which can be expressed as: 
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The field MMF section at a propagation distance z can thus be calculated by  







exp, β                       (3) 
where βm is the propagation constant of each eigenmode of the MMF. The transmission 
power can be determined by using overlap integral method between E(r,z) and the 
fundamental mode of the output SMF E0(r) as 
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As the RI of the surrounding liquid changes, the effective RI of the cladding of the fiber 
changes, and hence the eigenmodes ψm(r) excited in the MMFC will change, resulting in the 
changes for the excitation coefficient of each mode bm in Eq. (2) and the interference within 
the MMFC in Eq. (3) and the output to the SMF in Eq. (4). It is well known that MMFC 
diameter will influence the eigenmode ψm(r) distribution in the MMFC section and that the 
MMFC length will also affect the interference between the eigenmodes ψm(r). Both 
parameters will determine the final output to the SMF as shown in Eq. (4). 
3. Numerical simulations 
Simulations were firstly carried out with an MMFC diameter of 50 µm. To determine the 
optimal length of MMFC, light propagation along the MMFC was simulated using Eq. (3). 
Figure 2 shows the amplitude distribution of the calculated field along the MMFC. In this 
simulation, the MMFC and the cladding (surrounding liquid) have refractive indices of 1.4446 
and 1.41 respectively. 
 
Fig. 2 Light propagation along the MMFC 
In Fig. 2 the re-imaging point within the MMFC is evident at a z position circa 10 mm. To 
investigate the influence of the MMFC length, the first re-image (10 mm) and the second re-
image (20 mm) lengths were selected for numerical simulations. The spectral responses of the 
refractometers with MMF section lengths of 10 and 20 mm for surrounding liquids with 
various refractive indices were simulated as shown in Fig. 3. In this simulation, the SMF has a 
core diameter of 8.3 µm and refractive indices of the core and cladding are 1.4504 and 1.4447 
respectively, and the MMFC has a RI of 1.4446 and a core diameter of 50 µm.  
 
Fig. 3 Spectral response of the two SMS fiber structure based refractometers for surrounding 
liquids with various refractive indices 
Figure 3 firstly shows that the spectral response of an SMS fiber structure is a bandpass 
response. As the RI increases, the central wavelength of the bandpass spectrum increases 
monotonically. The change in centre wavelength with RI is the same for both MMF section 
lengths, as expected given the periodic self-imaging occurring in the MMF section, leading to 
the conclusion that MMFC section length will not significantly influence the sensitivity of the 
refractometer. Further simulations show that the likely independence of the sensitivity of the 
refractometer from the MMFC section length is also observed for MMFs with different core 
diameters, for example 80 and 105 µm. In order to minimise the physical size of the 
refractometer, an MMFC section length equal the first re-image length (10 mm in Fig. 3) is 
chosen for further investigations of the central wavelength as a function of cladding RI. The 
simulated results for central wavelength shift vs. cladding RI for different MMFC diameters 
of 50, 80 and 105 µm and appropriate re-imaging lengths of 10, 25 and 42 mm respectively 
are shown in Fig. 4. It is noted that we use 3 dB mean wavelength as central wavelength in 
this paper because it is a more reliable measure by comparison to peak wavelength, especially 
for a spectrum with a relatively flat peak response.  
      
Fig. 4 Calculated central wavelength shift vs. cladding refractive index 
Figure 4 firstly confirms that as the cladding (liquid) RI increases, the central wavelength 
of the SMS fiber structure increases monotonically for all the three MMFC diameters. The 
rate of increase at lower cladding (liquid) refractive indices is less than that at higher cladding 
refractive indices in all three cases. It can be shown from Fig. 4 that for RI range from 1.345 
to 1.43, the wavelength shift of the SMS refractometer with MMFC diameter of 50 µm is 
larger than 100 nm which is twice of that (50 nm) for a MMFC diameter of 105 µm. The 
calculated sensitivities for the three cases are demonstrated in Fig. 5.  
 
Fig. 5 Calculated sensitivity for the three cases 
Figure 5 shows that the sensitivity in the RI range from 1.425 to 1.43 is larger than that in 
the RI range from 1.345 to 1.35 for all the three cases. Comparing the three cases, it is easy to 
see that there is maximum sensitivity for D = 50 µm and minimum sensitivity for D = 105 µm. 
An SMS fiber structure based refractometer with D=50 µm has an estimated sensitivity of 282 
nm/RIU in the RI range from 1.345 to 1.35 and 5235 nm/RIU in the RI range from 1.425 to 
1.43, which is higher than the corresponding sensitivity in the other two cases. This result 
indicates that the refractometer with a smaller MMFC diameter has a higher sensitivity. It is 
noted that such a refractometer may also provide a higher RI measurement range, but would 
require a wider bandwidth optical source. Additionally such a refractometer would also have 
lower RI sensitivity when the measured RI is lower than 1.345 as indicated in Fig. 4. 
4. Experimental verification 
To verify the analysis above, experiments were carried out using an etched SMS fiber 
structure. The SMS fiber structure was firstly fabricated by fusion splicing single- and 
multimode fibers of type SMF28 and AFS105/125Y respectively. The multimode fiber 
section was then immersed in an aqueous solution of hydrofluoric acid (HF, ~48%) to remove 
in the first instance the cladding of the AFS105/125Y multimode fiber, providing MMFC 
samples with a bare core with a diameter of 105 µm. A further etch stage was also used to 
fabricate MMFC samples with a bare core diameter of 80 µm. Further etching to achieve a 
bare core diameter of 50 µm was also carried out, but the samples could not be utilised 
experimentally as splicing joints between the SMFs and MMF failed frequently. Hence 
experiments were only carried out for fiber samples with bare core diameters of 105 and 80 
µm. Following etching the samples were carefully cleaned firstly by a flow of de-ionised 
water and then by de-ionised water in an ultrasonic bath. The cleaned samples were then 
polished by high temperature heating at a temperature of circa 1250 ºC, which is within the 
glass transition temperature range of the silica material. Figure 6 shows a microscope image 
of the etched joint between the AFS105/125Y multimode fiber with a core diameter of 80 µm 
and SMF28 and its spectral response for different surrounding RI liquids. 
 
Fig. 6 (a) A microscope image of the etched joint between AFS105/125Y multimode fiber 
with a core diameter of 80 µm and SMF28 and (b) measured spectral response of this 
structure at different surrounding refractive indices 
Figure 6(b) shows that as the surrounding RI increases, the central wavelength of the SMS 
refractometer increases monotonically. The spectral response shifts vs. different surrounding 
refractive indices for SMS refractometers with core diameter of 80 and 105 µm were 
measured and are shown in Fig. 7.  
 
Fig. 7 Measured spectral response shifts vs. surrounding refractive index 
Figure 7 shows that the rate of increase for lower liquid refractive indices is less than that 
at higher liquid refractive indices in both cases. Furthermore for the same RI range from 1.342 
to 1.413, the wavelength shift of the SMS refractometer with a core diameter of 80 µm is 
larger than that with core diameter of 105 µm. By comparing Fig. 7 and Fig. 4, it is easy to see 
that as RI increases, the experimental wavelength shift behaviour in Fig. 7 compares very well 
with the simulation results in Fig. 4. The estimated sensitivities in Fig. 7 based on the 
measured results for both cases are shown in Fig. 8.  
 
Fig. 8 Calculated sensitivities for the both cases 
Figure 8 shows that the sensitivity in the RI range from 1.431 to 1.437 is larger than that in 
the RI range from 1.342 to 1.352 for both core diameters and the SMS refractometer with a 
core diameter of 80 µm has a higher sensitivity than that with core diameter of 105 µm. The 
SMS fiber structure based refractometer with a core diameter of 80 µm has an estimated 
sensitivity of 180 nm/RIU in the RI range from 1.342 to 1.352 and 1815 nm/RIU in the RI 
range from 1.431 to 1.437, which is higher than the corresponding sensitivity of the 
refractometer with a core diameter of 105 µm. Overall the experimental results fit well with 
the simulation results. 
Finally it is worth noting the advantage of a measurement principle based on wavelength 
rather than on intensity variations. The measurement principle for an SMS based 
refractometer used in [9] is based on monitoring power variations at a fixed wavelength. 
However the disadvantage of this technique is the dependence of the readings on the optical 
attenuation properties of the liquid under test.  A simple example is that if two liquids have 
the same RI but different light propagation attenuation coefficients (absorption), the power 
measured by the technique in [9] will be different resulting in different RI readings for the two 
liquids.  A technique based on wavelength monitoring as used in this paper can overcome this 
problem. 
5. Conclusion 
In conclusion we have analyzed the influence of MMFC diameters and lengths on the 
sensitivity of an SMS fiber based refractometer. The conclusion is that the MMFC length does 
not have a significant influence on the sensitivity of the refractometer, but the diameter 
influences it significantly. A higher MMFC diameter will result in a lower sensitivity. 
Numerical simulation results show that in the RI measurement range from 1.345 to 1.43, 
refractometers with MMFC diameters of 50, 80 and 105 µm have minimum estimated 
sensitivity of 282, 188 and 143 nm/RIU respectively and have a maximum sensitivity of 5235, 
3034 and 2368 nm/RIU respectively. The refractometer with a smaller MMFC diameter has a 
higher sensitivity compared to that with a larger MMFC diameter. Experimental 
investigations verified the simulation results, achieving a maximum sensitivity of 1815 and 
1156 nm/RIU in the refractive index range from 1.431 to 1.437 and minimum sensitivity of 
180 and 164 nm/RIU in the refractive index range from 1.342 to 1.352 for refractometers with 
core diameters of 80 and 105 µm respectively. Improved sensitivity could be achieved 
experimentally using an MMFC of 50 µm, provided that a reliable SMF-MMF splicing 
technique can be perfected. Since this SMS fiber structure based refractometer has a high 
sensitivity, it has the potential application for bio-sensing.  
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